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ENERGY BALANCE CONSIDERATIONS IN PERMAFROST HYDROLOGY 
G.P. Williams 
4 Abstract 


This general paper will attempt to show how surface heat exchange 
processes affect the movement and supply of water in permafrost regions. It 
will deal with several hydrological problem areas from an energy balance 
point of view. These include:- snow cover and snow melt, evaporation 
and evapotranspiration losses, and the hydrological significance of surface 
features (thermokarst, icings, etc.) which are partly determined by energy 
exchange processes. The paper will not go into detail or present new informa- 
tion but will be an “overview'’ of the general subject matter. 


Resume 

Le but du présent document général est de montrer comment les 
processus d*échange de chaleur en surface touchent le mouvement de l'eau 
ainsi que L'approvisionnement en eau dans les régions de pergélisol. On 
y traite également de plusieurs problémes hydrologiques, du point de vue 
de l'équilibre énergétique (couche de neige et la fonte de la neige, pertes 
par €évaporation et évapotranspiration) et 1]’importance hydrologique des 
phénoménes superficiels comme le pseudo-karst, la glaciation, etc., qui 
sont en partie déterminés par les processus d'échange énergétique. On n'a 
pas l'intention d'aller dans le détail our de fournir de nouveaux renseigne- 
ments, mais plutdt de donner une vue d'ensemble du sujet. 
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EXTENDED SUMMARY FOR 


PERMAFROST HYDROLOGY SYMPOSIUM 


ENERGY BALANCE CONSIDERATIONS IN 
PERMAFROST HYDROLOGY 
by 


G. P. Williams 


The subject of this paper is one which involves many 
aspects of permafrost study, dealing, as it does, with the thermal and 
moisture regime of the active layer. For example, almost every paper 
of the 86 papers from North America presented at the Second Inter- 
national Conference on Permafrost held at Yakutsk, U.S.S.R. in July 
1973, deals directly or indirectly with some aspect of the inter- 
relation between surface heat exchange, the freezing and thawing of 
ground and the occurrence of water in its frozen or unfrozen state. 

One of the papers presented is a comprehensive review of the thermal 


aspects of permafrost formation and evaluation (Gold and Lachenbruch, 
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1973). An "overview'' paper can thus only summarize a few of the high- 
lights from these and many other papers in the literature concerned with 
this broad subject. 

The paper is divided into three sections. The first part 
provides some general background information on surface energy ex- 
change processes, particularly in permafrost regions; the second out- 
lines some general hydrology problems in which surface heat exchange 
processes play a major role; and the third, dealing with the effect of 
terrain on surface heat exchange, is directed toward hydrologists who 
may not be familiar with the role of the surface cover in controlling the 


thawing and freezing of ground in permafrost regions. 


SURFACE ENERGY EXCHANGE 


oo 


The partitioning of heat received at the ground surface 


can be expressed by the following simplified heat balance equation: - 


Cpees Te Serra try Bt ane 
s lw c 


where I is the global solar radiation (direct plus diffuse); a the albedo 


(reflectivity of surface for solar radiation); Q the net long-wave 


lw 
radiation (downward atmospheric less upward terrestrial); Q. the con- 


vective (sensible) heat loss or gain; Q. the evaporative heat loss or the 


heat gain by condensation; and Q. the heat transferred to or from the 


Digitized by the Internet Archive 
in 2022 with funding trom 
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https://archive.org/details/energybalanceconOOwill 


ground. The heat used in photosynthesis, included in oF isa 
significant factor in surface heat exchange only during fire, which 
releases the energy stored during several seasons by photosynthesis. 
The different terms in the surface heat balance equation 
can be calculated ona "climatological" basis. The accuracy of such 
calculations is often not high as they depend not only on meteorological 
parameters which are subject to time and space ioe but also on 
highly variable surface characteristics. Table I, listing the variables 
that influence each term, shows that global solar radiation (I) is the 


only term that does not depend on surface characteristics, 


TABLES 


Variables that influence various 
terms in Surface Energy Exchange 


Perm Variables 
I latitude, time of year, type of air mass, elevation, per 


cent cloud cover 


a surface characteristics, altitude of sun 
Q) surface and air temperatures, emissivity of earth 
Sy surface and sky, cloud type, per cent cloud cover, height 
of cloud 
Q surface and air temperatures, wind speed, stability of 
5 air, surface roughness 
Q wind speed, surface roughness, soil moisture, type of 
* vegetation 
Q thermal and moisture properties of the ground cover 
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The heat lost or gained by the ground et ape is of special 
significance in the long term growth or degradation of permafrost. To 
quote one authority (Lachenbruch 1968):- "Ifa secular change in surface 
conditions causes the mean annual ground surface temperature to drop 
below 0°C, the depth of freezing in winter will exceed the depth of 
thawing in summer, anda layer of permafrost will grow downward from 
the base of the seasonal frost. It will thicken progressively with the 
passage of ae succeeding winter. Were it not for the effect of heat 
escaping from the earth's interior, the permafrost would grow to great 
depths."' The small amount of heat flow from the earth's interior, 
estimated to be only about 50 EAU RCTs (Millar ei 905), “orelesis 
than the heat required to melt a gram of ice, puts into perspective the 
delicate thermal balance of permafrost and how very small annual changes 
in surface heat exchange over a period of many years can affect the 
permafrost condition. 

Hydrologists are more interested in the short term effects 
of surface heat exchange. The heat gained during the summer determines 
the depth of thaw and thus the availability of water in the active layer 
above the permafrost. The heat lost during the winter determines the 
‘rapidity with which surface layers freeze; it also determines the 


thickness of ice on lakes and rivers which affects winter runoff. 


fsfiheqe to et sasha! nwo Tg ald yd bow!bg 1 trol Jaod ofT 


oT Jeotisatoeg lo neotteheigsb to diwery press gaol odi ai 


- » poate 


t, hal 
ohitye A filo telusee 6 iW" -s90P! Huutdasdost) yisodies pao sioup he ; - 
‘ 5 rf. 
‘ - 
b of VST oGm1S) susitve Srvoag lLevans oesm sd? teeues @aohibaes - 
: - — > 
‘ ; “ 
‘0 Siqeb of} basd%e hw tedaiv a: ghiteer Io Mgeh alt 3 0 waled 7 
e ‘ kee 
03 


‘awob worg illw teqdiserysa Yo Teoyet 6 bis oan. af oniwadd 7 
sd3 iiiw ylovreestyotq aodbidd Hinw 4 | Seoet nan ot Ye seed od : 
i110 j>e1is sid tal gon i aaa tTosarw atihsaoous dass tu oaneang . 


a 
185%y 01 woug bloow seatlomtsq ott .20rtehar ay aut 0 BUA ADee 7 
7 


tee 
forieini #'ditse sf? mot? woll s66d Yo ‘ibtieil tfacsie sit ™ -2dtqeb 7 
s ' ee 
S30, to earl  twziliM) ,1y\ mol\iee 04 joeee vine sd oF berernites 7: 


a 


id} sVid2eg?tsq eink atug ~ i tg 5 tlorm 02 naeee* taoel of) ccaul 
eegisds Isunns Leme yroy wod bas feos len tray lo ened hecttt9cid osneitel, 
odd 129118 189 »tRey yer YO bofts@ s Love SREIN RRS tert out at 


en 
i ww 
ys 


sioote .ctist Itode odt ai botesxStnt stow ane etetgolocbyt 7 
enitnisieb tame adi yaltub bonis Issrt. Se “nat a ome 


toy shoo o wen _ 
ys yy 7 Ai tedew ie ysitid bite) rohit . ine ; S sales, na 
1 : 7 : 


Heat losses and gains to ground surfaces are much less 
than other terms in the surface heat exchange. For example, during 
the thaw season the total heat flow into the ground is usually less than 
10 per cent of the net radiation received at the surface. It is thus 
difficult to determine Qa with any degree of accuracy, by calculating 
or measuring the components on the right hand side of the heat balance 
equation. Also, as the components of the surface ee exchange vary 
greatly over an area the size of a watershed because of different surface 
covers, it is not possible to use only one instrumented site to measure 
components that will be representative of the entire area (Wendler and 


Ishikawa, 1973). 


HYDROLOGY PROBLEMS AND SURFACE HEAT EXCHANGE 

In general, hydrology problems fall into two classes:- 
(1) problems dealing with water and heat balances ona large scale and 
(2) problems concerned with surface runoff of groundwater at a site or 
specific watershed. It is beyond the scope of this paper to consider 
large scale or macroscale problems other than to indicate there has. 
been considerable interest in them in permafrost regions. Recent 
studies (Dingman, 1973; Hare and Hay, 1971) of annual balances over 


northern North America provide much information which would be of 
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interest for anyone concerned with the hydrology of permafrost regions. 
Some of the smaller scale hydrology problems which 
require at least a knowledge of the surface heat exchange and in many 
cases require an estimate of one or more of the terms in the heat balance 
equation can be listed as follows:- 
te Predicting the effect of ice on surface and groundwater 
runoff in winter; 
has Predicting annual snow melt runoff; calculating snow 
melt design floods. 
2; Estimating evaporation losses from reservoirs or 
evapotranspiration losses from watersheds. 


4, Predicting summer runoff in rivers 


, including in- 
filtration losses over watersheds, 


ey Predicting available groundwater supplies. 


oe Designing drainage systems and controlling erosion. 


These hydrology problems and often the methods of solving 
them are similar in permafrost as in non-permafrost regions but some 
important differences do exist. 

For example, in permafrost regions, the common 


occurrence of icings complicates the prediction and control of winter 


- 
} - 
' 
a an - 
ne 


io \gClotbyd pct dine beatsoneo saoyne 26) ties 
. . oe 


i894 (ollamne off Yo anaee 


{ 7 Priie (1 ic onbodwond « desel tz etispst 
ie | 
I on 1tOe 1G sro to stseoQtiias as otttpst eoeno . 
- ‘swolleé? ee bovert ocd mn eilsups : a 
ess } 5 MDibatsS " i - 
went Rous 
; [crt ie Is croiboerg s 


bool) nagragbh tom 

¥T MOT] esreol nornreqsyve gitar © 
aioibw Choi: 293eel Kotetiqeratiggayve 

bulonk ety Modu? ts0atmua gaitioibeid | .b 

Z419lew isvo askeo! Golfeagin |. 

Sng ese i» 

-t\gqua “siswhnuoip sldalisvs gaijothbesd eee 

“uaote goillosaos hoe sarsdays sgnmigab gctiagtest a 


garvioa le abt ioc ah Maple Sis arnaldorg cts ait 
) 


afan oe dud shoiget. asiGiaY 


runoff. The term icing is used to describe a mass of surface ice 
formed primarily by successive freezing of groundwater which continues 
to flow to the surface of the ground or a river ice cover during the 
winter. Problems arise when the paths of water movement become 
blocked leading to an accumulated mass of surface ice, resulting in 
obstructed Urainage channels and an aggravation of the spring season 
flood stage. The prediction of the occurrence of icings is difficult 
depending on many different factors such as climate, hydrology, geology 
and topography (Carey, 1973). 

The problem of estimating snow melt runoff is com- 
plicated by the presence of permafrost as it can control the amount of 
snow melt that will percolate into the soil. Inthe discontinuous zone 
permafrost may occur on north-facing slopes but not on adjacent south- 
facing slopes; in the continuous zone, permafrost is often thicker and 
the active layer thinner on north-facing slopes (Brown and Péwé, 1973). 
These differences in underlying permafrost conditions, often marked 
by differences in vegetative cover, affect the rate of snow melt runoff 
and should be considered in any method developed to predict snow melt 
runoff from watersheds with different slopes of varying orientation. 

A characteristic of snow melt in tundra is the rapid change in the 


amount of solar radiation absorbed by the surface as the snow melts 
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and the underlying surface cover becomes exposed to the high amounts of 
incoming solar radiation (Weller, 1972, McFadden and Ragotzkie, 1967). 
Melting is less rapid in the boreal forest region because of the sheltering 
effect of the tree cover. 

The basic problem of estimating evaporation from water 
surfaces is tue same for permafrost regions as elsewhere. Mass-transfer 
or energy balance formulae can te used, the limiting factor Geely being 
the availability of adequate meteorological records. The estimation of 
evapotranspiration losses from watersheds presents some additional 
problems because extensive areas are covered with peatland which in- 
fluences the availability of water for evaporation, 

Hydrology problems involving surface heat exchange during 
the thaw period such as estimating the runoff from rainfall, infiltration, 
the movement of groundwater and the erosion of drainage channels are 
profoundly influenced by the presence of permafrost. The complexity 
of the relationships between meteorological variables, surface covers 
and depth of thaw makes it extremely difficult to obtain quantitative values 
for many of the parameters such as infiltration and permeability, which 
are needed to solve hydrological problems using classical approaches. 
The creation of unusual terrain features, suchas thermokarst topo- 


graphy or patterned ground, by the thawing of permafrost adds to the 
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complications. The role of the land in controlling surface runoff and 
groundwater flow has Ree extensively studied in non-permafrost areas; 
in permafrost regions only a few, limited studies have been made even 
though the major difference between the hydrology of permafrost and non- 
permafrost areas is clearly the effects of ss ground and the resulting 


terrain features on the movement and supply of water. 


SURFACE COVER - ENERGY EXCHANGE - PERMAFROST HYDROLOGY 

Permafrost terrain presents a variegated mosaic of surface 
covers, each with special thermal and surface properties. In this section 
some of these properties are considered in relation to surface energy 
‘exchange to give a qualitative understanding of how they influence perma- 
frost hydrology. 

The principal surface properties that alfect the heat ex- 
change are albedo, emissivity and surface roughness. Of these, albedo, 
controlling the solar radiation absorbed, is of greatest importance. 
Albedo of surface covers vary froma high of 80 per cent or greater for 
new snow to a low of 10 per cent or less for water. The emissivity, 
controlling the amount of long-wave radiation emitted, is not greatly 
variable for most natural surfaces. The surface roughness, of 


importance in convective and evaporative heat transfer processes, is 
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highly variable but it is beyond the scope of this paper to discuss the 
complex effect of rotate roughness on these processes (Priestley, 
1959): 

The thermal properties that control heat flow through 
various surface covers are volumetric heat erences \C ), latent heat 
of fusion and thermal conductivity (k). The product LS termed 
the cormie tive capacity, has a critical role in Heteonnne the amount 
of heat transferred into the earth's surface from the atmosphere. 
Representative values of conductive capacity of some surface covers, 
listed in Table II, provide an appreciation of the ability of natural 
materials to respond or adjust to imposed temperature changes. 

New snow or dry sphagnum moss, for example, offer a much higher 
resistance to change than turbulent water. Not only does the con- 
ductive capacity of the surface cover have a great influence on the 
thermal response of the ground but it also affects the ability of a 


particular surface type to thermally modify the air above it. 
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Representative values for conductive capacity 
of natural covers 


(Priestley, C. H. B., 1969, Williams, G. P., 1968) 


conductive capacity 


fae) + 
(calfomi = Cc sec) x LOGO 


Snow fresh z 
old 10-15 
Dry sphagnum moss 1-2 
Sand dry 10 
wet 40 
Peat unfrozen 20-40 
frozen 25-50 
Ice 50 
Water stable 300 
moderately stable 7000 
unstable, strong currents 17000 


Of all surface covers, water has probably the most 
significant effect on permafrost. The low albedo of water results in 
high absorption of short-wave radiation. The high thermal capacity 
of water and the ease with which water bodies undergo turbulent mixing 
means that large amounts of heat can be stored in them during summer. 


The ice cover that forms in winter acts as an insulating layer, preventing 
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excessive heat loss. If a water body is sufficiently deep, water will 
remain unfrozen and the mean annual temperature of the ground beneath 
it can be several degrees above freezing even in permafrost regions. 
The thawed zone under water bodies and the thawing action of water 
moving through thaw zones is not only of hydrological significance but 
can be a significant factor in the design of engineering structures. 

onow cover can be a critical factor x the formation 
and existence of permafrost, particularly in the southern fringe of 
the discontinuous permafrost zone. During winter, its low conductive 
capacity and low thermal conductivity inhibit the freezing of ground, 
During the spring period, the high albedo reduces the amount of Sane 
radiation absorbed, resulting in delayed melting of the ground. The 
relation between these two conflicting situations determines the net 
effect of snow cover on the ground thermal regime. The hydrological 
Significance of snow covers is even greater than it is in areas of 
seasonal frost because of its control on the depth of thaw and presence 
of permafrost and hence Bromide ier movement and infiltration rates 
throughout the entire thaw season. 

Peat, a common form of surface cover in permairost 
regions, has some unique features which influence the occurrence of ice 


in the ground. The latent heat of fusion of saturated peat is usually 
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much higher than that of mineral soils; and the thermal conductivity 
lower. Consequently the rate of frost penetration and of thawing is 
much slower in peat than mineral soils exposed to the same weather 
conditions. | The micro-relief present in the form of peat mounds, 
ridges and plateaux as well as the living vegetation, consisting primarily 
of mosses, !*chens and sedges, also influence ground temperatures, the 
occurrence of ice in the ground and the soil moisture regimes win 
saturated peat most of the heat available from solar radiation is ex- 
pended in evaporation and is not available to warm the soil. In contrast, 
evaporation can be greatly reduced if lichen is the vegetative surface 
cover, (Rouse and Stewart, 1972). 

The role of other surface covers, suchas the boreal 
forest, in controlling surface heat exchange is most complex, affecting 
every term in the heat balance equation as well as soil moisture and 


snow depth and snow distribution (Hare and Ritchie, 1972). 


CONCLUDING DISCUSSION 

Almost every change man makes to natural terrain in 
permafrost regions will change surface heat exchange and the thermal 
and moisture regime of the ground. It is not surprising, therefore, 


that attempts have been made to control these changes to benefit 
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engineering works. In many cases surface modifications have been 
designed to prevent thawing of the ground and thus preserve the perma- 
frost; in other cases the depth of thaw is deliberately increased to 
facilitate mining operations (Bakakin and Porkhaev, 1966). There 

is, however, not much published information on how man might modify 
surface covers to benefit hydrology problems such as controlling or 
increasing the supply of water. Asa closing discussion it is worth- 
while to mention briefly some cf the possibilities. 

One example might be the use of snow ferices to conserve 
and collect snow to increase snow melt runoff. The snow accumulated 
by snow fences will not only inhibit the freezing of*the ground but ‘also 
make more snow available for runoff, During the spring melt period 
it might be advantageous to pile the accumulated snow in windrows by 
bulldozers, exposing the ground, co that the melting of the frozen 
ground is not delayed because of the deep snow cover. Another method 
of increasing the rate at which the snow will melt would be to dust the 
surface of the snow with a suitable material (Williams and Gold, 1963). 

Other examples might be the deliberate flooding or the 
removal of vegetative covers from suitable Be to increase the depth 
of thaw and thus increase groundwater storage. Plans for flooding 


or the stripping of ground covers must also take into account the effects 
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on evaporation, depth of freezing and the distribution and depth of snow 
in winter, as any change made to surface covers will affect the thermal 
balance throughout the entire year. The difficulty of controlling one 
term in the heat balance equation without affecting another imposes a 
certain practical limit on the benefits that can be obtained by the 
modification of surface covers. 

In conclusion it can be said that a potential exists to 
modify surface covers so as to control water in permafrost regions 
where water supply is limited. Well planned experiments are needed, 
taking into account the cost benefits as well as all the factors that in- 


fluence surface thermal and moisture regimes in permafrost regions. 
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